Estimation of pesticide volatilization from plants is difficult because of our poor understanding of foliar penetration by pesticides, which governs the amount of pesticide available for volatilization from the leaf surface. The description of foliar penetration is still incomplete because experimental measurements of this complex process are difficult. In this study, the dynamics of leaf penetration of 14 C-chlorothalonil and 14 C-epoxiconazole applied to wheat leaves were measured in a volatilization chamber, which allowed us to simultaneously measure pesticide volatilization. Fungicide penetration into leaves was characterized using a welldefined sequential extraction procedure distinguishing pesticide fractions residing at different foliar compartments; this enabled us to accurately measure the penetration rate constant into the leaves. The effect of pesticide formulation was also examined by comparing formulated and pure epoxiconazole. We observed a strong effect of formulation on leaf penetration in the case of a systemic product. Furthermore, the penetration rate constant of formulated epoxiconazole was almost three times that of pure epoxiconazole (0.47 ± 0.20 and 0.17 ± 0.07, respectively). Our experimental results showed high recovery rates of the radioactivity applied within the range of 90.5 to 105.2%. Moreover, our results confirm that pesticide physicochemical properties are key factors in understanding leaf penetration of pesticide and its volatilization. This study provides important and useful parameters for mechanistic models describing volatilization of fungicides applied to plants, which are scarce in the literature.
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Measuring Leaf Penetration and Volatilization of Chlorothalonil and Epoxiconazole Applied on Wheat Leaves in a Laboratory-Scale Experiment Nebila Lichiheb, Carole Bedos,* Erwan Personne,* Pierre Benoit, Valérie Bergheaud, Olivier Fanucci, Jihene Bouhlel, and Enrique Barriuso T here are growing concerns over the occurrence of pesticides in the atmosphere due to their immediate impact on human health (Viel and Richardson, 1993 ) and on ecosystems (Führ et al., 1998; Bakker et al., 1999) . Volatilization of pesticides after application to soil or plants may represent a major emission pathway for losses to the atmosphere, accounting for up to several percentage of the application dose in some cases (Bedos et al., 2002) . The main factors affecting volatilization of pesticides after application are their physicochemical properties, environmental conditions, and agricultural practices (Stork et al., 1994; van den Berg et al., 1999) . It has been demonstrated experimentally that the volatilization rates from plant surfaces are higher than from soil surfaces due to the lower adsorption capacity of plants (Boehncke et al., 1990) and to the larger surface of exchange than soil (Rüdel, 1997) . However, the prediction of this transfer pathway remains problematic, mainly because of our poor understanding of processes competing with volatilization at the leaf surface, such as penetration into plant leaves, degradation due to chemical and photo-chemical reactions, and wash-off by rainfall (Leistra, 2005; Leistra and van den Berg, 2007; Lichiheb et al., 2014) . This study focuses on the evaluation of the leaf penetration process to better estimate the fraction of pesticide residues on leaves available for volatilization. The photodegradation is not discussed here. Although the rainfall wash-off potential was measured, this process is not the main focus of this study because it would then be necessary to study additional processes as rainfall interception by leaves, which was not the purpose of this study. The foliar penetration of pesticide is the decisive process influencing the effectiveness of pesticides and thus their fate in the environment (de Ruiter et al., 2004) . It is the most immediate process occurring just after pesticide application (Breeze et al., 1992) . The factors influencing this process are (i) the plant properties, especially the permeability of the leaf cuticle (Chamel, 1986; Schönherr and Baur, 1994) (it was demonstrated that the cuticle is the main barrier for the leaf penetration of pesticides [Kirkwood, 1999; Wang and Liu, 2007] ); (ii) the physicochemical properties of the pesticides, especially the lipophilicity (which can be characterized by the octanol/water partition coefficient) (Baker et al., 1992; Kerler and Schönherr, 1988) ; and (iii) the meteorological conditions (temperature and relative humidity) (Satchivi et al., 2001; Willis and McDowell, 1987) .
Despite its complexity, the pesticide volatilization from plants can be experimentally determined at different scales, ranging from the field scale, via semifield experiments, to laboratory studies (Bedos et al., 2010; Kromer et al., 2004; Kubiak, 2002; Stork et al., 1994; van den Berg et al., 1995; Wolters, 2003) . Furthermore, measured volatilization rates at semifield and field scale can be used to test models describing the volatilization process. Measured volatilization rates of fenpropimorph from bean and radish in a wind tunnel have been used to test the PEARL model (Leistra and Wolters, 2004) , and measured volatilization rates of chlorothalonil and fenpropidin applied on wheat at the field scale have been used to test the SURFATM-Pesticides model (Lichiheb et al., 2014) . In existing models for simulating pesticide volatilization from plants, leaf is often considered as a black box, and pesticide leaf penetration is described following a first-order kinetic reaction using estimated rate constants (Leistra and van den Berg, 2007; Trapp and Matthies, 1995; Trapp et al., 1994; Lichiheb et al., 2014) . These rate constants are mainly adjusted to fit experimental findings or estimated indirectly on the basis of experimental results found in the literature. Due to the scarcity of data on the penetration rate constant of pesticide, Leistra (2005) proposed a classification of penetration rate on the basis of a diversity of experimental data. However, this classification has a considerable uncertainty because it is not specific to each pesticide. Direct measurements on the penetration rate of pesticides into plants are usually not available, mainly because experimental measurements of this process are still complex. In most cases the pesticide extraction is simplified, such as shaking leaves with solvent to estimate pesticide residues (Bedos et al., 2010; Leistra et al., 2006; van den Berg et al., 1995) , and only considering the penetration of pesticides in plant cuticle and isolating it enzymatically (Kirsch et al., 1997; Santier and Chamel, 1998) . A more detailed extraction procedure allowed the quantification of the pesticide fraction on the leaf surface and the penetrated fraction without distinguishing the penetrated fraction into the leaf cuticle and the penetrated fraction into the plant tissue (McCall, 1989) .
To accurately measure the penetration rate constant of pesticide into the leaves, a refined measurement method distinguishing the pesticide fractions residing in the different compartments of the plant leaf (leaf surface deposited, adsorbed, and penetrated into the leaf cuticle or into the plant tissue) is needed. Furthermore, the effect of formulation should be considered in these measurements because both volatilization and leaf penetration are affected by pesticide formulation (Gauvrit and Dufour, 1990; Leistra, 2005) . Adjuvants, defined as a substance without significant pesticide properties but added to aid or modify the activity of a pesticide, can fulfill different functions to enhance the effectiveness of a pesticide. Moreover, it is well known that several adjuvants may promote substantially the penetration of pesticides into the leaves, reducing the availability of the active ingredient for volatilization from the leaf surface (de Ruiter et al., 2003) . Consequently, as found by McCall (1989) , the leaf penetration coefficient can vary to a greater degree depending on the commercial formulation.
The first goal of this study was to establish an experimental set-up that allows direct simultaneous measurements of volatilization and penetration of pesticides applied on the leaf surface in controlled conditions. To achieve this goal, we used a small volatilization chamber that permits the use of 14 C-labeled pesticides, allowing the overall mass balances. Using this setup, the dynamics of volatilization and leaf penetration of two current wheat fungicides, chlorothalonil and epoxiconazole, applied on leaves were measured. These chosen fungicides represent different mode of actions. Chlorothalonil is a contact pesticide (Caux et al., 1996) , whereas epoxiconazole has a systemic action (Pareja et al., 2012) . To obtain a realistic experimental rate constant of leaf penetration, a working assumption has been proposed to describe the fungicide distribution in leaves. In fact, the dynamics of the pesticide penetration were characterized by the localization of pesticide in three compartments of the plant leaf (leaf surface, leaf cuticle, and leaf tissue), which was estimated by successive extractions using adapted solvents. Furthermore, we investigated the effect of formulation by testing epoxiconazole as a pure substance and as a formulated product.
Materials and Methods

Laboratory System
A laboratory system ( Fig. 1 ) was composed of three cylindrical volatilization chambers of approximately 5 L functioning in parallel during the experiments, representing three replicates per experiment. Each volatilization chamber was made of a glass jar with a steel perforated support installed about 7 cm above the chamber bottom. Three treated leaves with fungicide were placed above this support, which comprises two handles at both ends that are easily removable for sampling purposes. The outlet of each chamber was connected to a trapping system where volatilized pesticide is adsorbed. The trapping system consisted in four precleaned polyurethane foam (PUF) plugs (diameter, 22 mm; length, 76 mm) (Sigma-Aldrich) introduced in series inside two glass tubes. The three volatilization chambers, kept at a temperature between 20 and 22°C, were related to the same air pump, which established a constant air stream inside the system (46.2 ± 2.3 L min −1
). Experiments were performed in the dark to avoid photodegradation.
At the end of four experimental durations (1, 3, 6, and 24 h), leaves and PUF plugs were recovered and extracted with suitable solvents (see below). The different parts of the volatilization chamber were rinsed with ethanol and analyzed for 14 C. The volatilization rates were calculated given the pesticide fraction adsorbed on PUF plugs and the fraction deposit on the internal walls of the volatilization chamber assuming that this fraction was related to volatilization losses. We experimentally deducted that a duration limit of 24 h allowed us to not have dried leaves when using cut leaves.
Plant Material
All experiments were conducted using wheat leaves sampled from plants (winter wheat, cultivar Premio, RAGT) cultivated at the Grignon experimental field site (48.51° N, 1.58° E) located 30 km southwest of Paris (France). Leaves were detached from the plant at the realistic period of fungicide treatment in the field, corresponding to the 30-31 and the 50-51 growth stages.
Pesticide Application
Two fungicides, chlorothalonil and epoxiconazole, were used (Table 1) . The mass of applied fungicide per unit surface of leaves was calculated as described by Bedos et al. (2010) (further details are provided in the Supplemental Information).
The volume of solution to be applied per unit surface of leaves was experimentally determined. To cover homogenously the whole leaf surface, 30 droplets of 2 mL (final volume, 60 mL per leaf ) were deposited onto the adaxial surface of each wheat leaf using an electronic Eppendorf micropipette (Dominique Dutscher SAS). Due to the low solubility of chlorothalonil in this solvent, only epoxiconazole was tested as a pure substance.
To get an adjuvant concentration to conform to the one used in crop treatments, the concentration of formulated fungicide solutions was higher than the pure fungicide solution. Thus, the mass of active ingredient in the formulations applied per leaf was 30 × 10 -5 g and 5 × 10 −5 g for chlorothalonil and the epoxiconazole, respectively, compared with 0.24 × 10 −5 g of epoxiconazole for the pure substance.
Extraction of Polyurethane Foam Plugs
At the end of each experiment, each PUF plug was transferred to a 120-mL Corex tube (Dupont Instruments), extracted separately with 20 mL of ethanol, and shaken manually for 1 min. The PUF plug was squeezed for 1 min using a metal spatula. This procedure was repeated five times, ensuring that 14 C-residues trapped in the PUF plugs were totally extracted. The extraction of each PUF plug was individually analyzed to verify the functionality of the trapping system. The 14 C-fungicides were predominantly found in the first PUF plug. For chlorothalonil, the most volatile compound used, more than 80% of the total volatilization was found on the first PUF plug ( Table 2) .
Extraction of Leaves
An extraction procedure following successive steps was used to describe the distribution of pesticide residues on and in plant leaves (Fig. 2) . Four fractions of pesticide residues were recovered: (i) the fraction of pesticide susceptible to wash-off by rain that was assumed to correspond to the water-washable fraction, (ii) the fraction of pesticide having adsorbed on the leaf surface that was assumed to correspond to the ethanol-extracted fraction, (iii) the fraction of pesticide having penetrated into the cuticle that was assumed to correspond to the hexane-extracted fraction, and (iv) the fraction of pesticide having penetrated into the foliar tissues that was assumed to correspond to the bound residues fraction.
The choice of solvents was based on the description proposed by Leistra (2005) . Three different fractions of pesticides were measured using solvents with decreasing polarity. The fraction deposit on plant leaves was extracted with a polar solvent (water). Ethanol was used as a solvent of intermediate polarity to quantify the pesticide fraction adsorbed on the leaf surface without affecting the leaf cuticle (McCall et al., 1986) . Hexane was used to extract the pesticide penetrated into plant cuticle because it proved to have ideal properties to dissolve cuticular waxes (Rashotte et al., 2001 ). However, due to its very low polarity, this solvent can dissolve only limited amounts of the more polar wax constituents, so that relatively large volumes have to be applied to obtain an exhaustive extraction ( Jetter et al., 2007) . The duration of extraction has varied widely in previous studies, especially according to the duration of extraction of cuticular waxes. As reviewed by Jetter et al. (2007) for a large number of plant species, the standard protocol comprising two steps of 30 s was used and assumed to ensure total extraction of cuticular waxes. Thus, a duration of extraction of 60 s was chosen for each extraction step. At the end of each experiment, the three treated leaves introduced in each volatilization chamber were transferred to a 120-mL Corex tube and extracted simultaneously. First, 20 mL of Milli-Q water was added to the tube, and treated leaves were rinsed by shaking manually for 60 s. The rinsed leaves were transferred in another test tube, soaked with 20 mL of ethanol, and shaken manually for 60 s. Then the leaves were transferred to a third tube, soaked in a volume of 20 mL of hexane, and shaken manually for 20 s. This step was repeated three times to apply a larger volume of solvent and to keep the same duration of extraction.
Analyses
A volume of 1 mL of each extract was sampled, to which 10 mL of scintillating cocktail (Ultima Gold XR "PERKIN") was added, and the sample was counted in a liquid scintillation counter (Tri-Carb 2100 TR, Packard). The bound residues were measured after drying the leaves for 24 h at 34°C and measuring their radioactivity content after combustion in an oxidizer (Biological Oxidizer OX 400, Zinsser) and trapping the 14 CO 2 with of Oxysolve C-400 cocktail (Zinsser) before liquid scintillation counting. Table 3 shows the 14 C balance of each experiment. We assumed that the quantified fractions correspond only to the active ingredient without taking into account the derivative metabolites because for both compounds degradation could be neglected given the short duration of the experiments (maximum 24 h) (Bedos et al., 2010; EFSA, 2008) . Recovery rates within the range of 90.5 to 105.2%, 92.4 to 98.5%, and 99.7 to 105.2%, respectively, for the formulated chlorothalonil, formulated epoxiconazole, and pure epoxiconazole were found with good reproducibility. They were calculated given the sum of the volatilized fraction and the fraction on/in leaves, including the water-washable fraction, the ethanol-extracted fraction, the hexane-extracted fraction, and bound residues. The results indicate that more than 85% of applied fungicides remained associated with the plant leaves.
Results and Discussion
Overall Mass Balance Recovery
Pesticide Volatilization from Plant Leaves
The chlorothalonil volatilization rate continuously evolved over time, rising from 2.8 to 14.5% of the applied radioactivity within 24 h after application (Fig. 3) . This time evolution is in agreement with previous results found in the field for this compound (Bedos et al., 2010; van den Berg et al., 1995) . In the case of epoxiconazole, the volatilization remained almost constant and low within 24 h after the application as also found by the EFSA (2008), which concluded that the volatilization is not a significant pathway for dissipation of epoxiconazole. It was also noted that the volatilization of the formulated product showed the same behavior as observed for the pure substance, although at slightly higher rates (a maximum of 0.8 and 3.2% measured after 24 h for pure and formulated epoxiconazole, respectively). The higher volatilization rate of chlorothalonil compared with epoxiconazole was expected due to the higher vapor pressure of chlorothalonil (Table 1) . Figure 4 shows the overall balance of the distribution of fungicides between the different extracted fractions from leaves, including the water-, ethanol-, and hexane-extracted fractions and the bound residues fraction. Concerning the formulated chlorothalonil, the water-washable fraction recovered after 1 h was lower than the formulated epoxiconazole fraction (59 and 85%, respectively). This behavior is expected due to the higher water solubility of the epoxiconazole (nine times higher than chlorothalonil water solubility). Whereas these fractions were equivalent for both formulations after 24 h, indicating that the pesticide fraction susceptible to wash-off by rain was equivalent for both products after 24 h. Just after fungicide application, the water-washable fraction of the formulated epoxiconazole was higher (by a factor of almost 3) than the water-washable fraction of the pure epoxiconazole (85 and 31% respectively); these fractions became equivalent 24 h after application (Fig. 4b, 4c) . These results are in agreement with observations of Reddy and Locke (1996) on imazaquin herbicide. These authors found that, in the presence of adjuvants, rainfall washed off more than 80% of foliar residues 1 h after application but washed off only 60% 24 h after application. This was explained by the fact that, regardless of the presence or absence of adjuvants, a longer time contact with leaf surface is needed for leaf penetration of pesticides.
Pesticide Fate in Plant Leaves
The ethanol extractions (Fig. 4) showed that the adsorbed fraction of the formulated chlorothalonil increased between 1 and 6 h after application, rising from 18 to 41%. This fraction decreased to 25% of the applied amount. In contrast, for the formulated epoxiconazole, this fraction was low and remained practically constant during the 24-h experiment (?5% of the applied epoxiconazole). A hypothesis to explain this behavior could rely on the effect of the formulation. Indeed, the adsorbed fraction of the pure epoxiconazole is higher by a factor of 6 than the adsorbed fraction of the formulated epoxiconazole. This result could suggest a faster penetration of the formulated epoxiconazole into the leaves compared with the pure epoxiconazole, thus resulting in a restricted adsorbed fraction on the leaf surface.
The penetrated fraction into cuticular waxes (Fig. 4) was almost of the same order of magnitude for both compounds with a low evolution with time. Due to the lipoidal nature of the plant cuticle-defined as a thin continuous layer (<0.1-10 µm) of predominantly lipid material synthesized by the epidermal cells and deposed on their outer walls (Kirkwood, 1999) -penetration into this layer tends to increase with increasing lipophilicity of the compound and vice versa (Baker et al., 1992) . Moreover, as reported by Wang and Liu (2007) , this lipophilicity is described by the octanol/water partition coefficient (K ow ). In fact, the close order of magnitude of this fraction for both compounds may be linked to their close values of K ow (Table 1) . Furthermore, no significant difference was noted between pure and formulated epoxiconazole. This proves that the rate of the fraction penetrated into the cuticular waxes is mainly cuticular dependent, being almost independent of the nature of tested products.
The penetrated fraction into foliar cells (Fig. 4) was lower for the formulated chlorothalonil than those measured for pure and formulated epoxiconazole (only 25% after 24 h compared with 29 and 49%, respectively, for pure and formulated epoxiconazole). The main effect of formulation, in the case of epoxiconazole, was the quick increase of cell penetration and bound residues formation during the first 3 h. This bound residues fraction increased again over time, leading to higher percentages for the formulated epoxiconazole than for pure epoxiconazole (49.0 and 28.7%, respectively, after 24 h). These observations confirm the hypothesis made above on the adsorption fraction evolution of the formulated epoxiconazole. This formulation effect is in agreement with the findings of Stock and Holloway (1993) , who demonstrated the action of adjuvants on the increase of pesticide penetration into the leaves. These different behaviors between chlorothalonil and epoxiconazole can be linked with the action of adjuvants, which differs depending on the mode of action of the active ingredient, as reported by de Ruiter et al. (2004) . Because chlorothalonil is a contact product (Caux et al., 1996) , the formulation promoted its availability on the leaf surface, resulting in a low fraction penetrated into foliar cells compared with epoxiconazole. Because epoxiconazole is a systemic product (Pareja et al., 2012) , the formulation promoted its penetration into plant tissue, resulting in a high penetrated fraction into foliar cells and a low adsorbed fraction at the leaf surface (Fig. 4b ) compared with chlorothalonil.
The presented results revealed that the movement of the tested pesticides occurred mainly from the leaf surface to the leaf tissue for the period of time considered here. Moreover, the pesticide fraction that penetrated into the cuticular waxes did not show significant evolution over time. The cuticle seems thus to serve only as a barrier to penetration from the surface into the plant tissue without any capacity of storage.
Estimation of the Effective Fungicide Penetration Rate Constant into Foliar Tissue
The pesticide penetration into leaf cuticle is a reversible process explainable by the diffusion mechanism (Schreiber and Schönherr, 1993) . In fact, the reverse movement is possible and can occur when the pesticide concentration on the leaf surface is lower than the concentration inside the plant (Leistra, 2005) . The pesticide penetration into plant tissue is considered to be an irreversible process (Leistra, 2005) . The kinetics of pesticide penetration into plant tissue were described by McCall (1989) ), and t is time (d).
The rate constants of the tested compounds were calculated given the slopes of the regression curves plotting Ln (1 − M t /M 0 ) against t (Fig. 5) . Pure epoxiconazole presents a k pen of 0.17 ± 0.07 d −1 (R 2 = 0.52), which corresponds to a penetration half-life (PT 1/2 ) of 4 d. Formulated epoxiconazole presents a k pen of 0.47 ± 0.20 d −1 (PT 1/2 = 1.5 d; R 2 = 0.66). As argued above, the fact that the penetration rate constant of formulated epoxiconazole is almost three times that of pure epoxiconazole is related to the effect of the formulation. for chlorothalonil applied on potato leaves. Leaf penetration of formulated chlorothalonil was lower (k pen = 0.14 d −1
; PT 1/2 = 5 d). This difference may be explained by the differentiated morphological characteristics of leaf surface for potatoes and wheat. In fact, potato leaves are densely covered with glandular hairs (Cutter, 1992) , whereas leaf hairs are absent in most wheat genotypes (Mansing, 2010) . This morphological characteristic governs the wettability of the leaf surface, which affects pesticide penetration into the leaves (Xu et al., 2011) . In fact, in the case of potatoes leaf penetration could have a minor role because a fraction of sprayed droplets could bead up and roll off and not adhere to cuticular waxes and the leaf tissue. Furthermore, according to the classification proposed by Leistra (2005) for formulated pesticides, the penetration of epoxiconazole occurs at a moderate rate, whereas the penetration of chlorothalonil occurs at a slow rate, which is in accordance with their mode of action.
Conclusions
The experiment described here allows direct simultaneous measurements of volatilization and penetration of pesticides applied on the leaf surface under controlled conditions. The high recovery rates within the range of 90.5 to 105.2% of the applied radioactivity and the good reproducibility demonstrate the functional performance of the system, in particular verifying the functionality of the trapping system of gaseous emission, which allowed the quantification of low rates of volatilization. In parallel to volatilization, the adopted working assumption for the leaf extraction procedure allowed a refined description of the leaf penetration process by distinguishing the pesticide fractions residing at the different foliar compartments. Using data from the leaf tissue compartment, a first-order kinetic was estimated. Penetration rate constants were found to be in agreement with the few existing data in the literature and with the range proposed by Leistra (2005) . Volatilization and pesticide distribution on or in plant leaf for both compounds were found to be in agreement with their physicochemical properties. Nevertheless, the effect of formulation was significant, especially for epoxiconazole.
These experimental results provide (i) required parameters for mechanistic models describing volatilization of fungicides applied on plants, which are scarce in the literature, and (ii) the basis for further development of a mechanistic description of the pesticide leaf penetration by identifying relationships between penetration rate constant and their physicochemical properties.
However, using cut leaves may have an effect on the leaf penetration process of pesticides because the leaves are no longer linked to the vascular system of the plant. Considering this potential effect, we limited the duration of our experiments to 24 h to avoid dried leaves. The pesticide photodegradation process was not investigated in this study, which is another restriction of the system. This is due to the fact that the experimental durations chosen to study the volatilization and the leaf penetration are too short for photodegradation.
